Good agreement between satellite-derived and shipboard measurements of chlorophyll a + pheophytin a concentrations results from the covariance of each of the nonwater color constituents of the ocean with pigment concentration. The specific absorption coefficient at 440 nm varies directly with the submicron chlorophyll fraction, which itself varies inversely with total chlorophyll concentration. Both the backscattering coefficient for particles and the Gelbstoff absorption coefficient increase with chlorophyll pigments. An analytical remote-sensing reflectance model for chlorophyll concentrations in the eastern Gulf of Mexico is developed from these relationships and tested against an independent data set. By this approach, remote-sensing algorithms can be developed that respond to regional and seasonal differences in runoff (e.g. terrigenous Gelbstoff and detritus), phytoplankton size, and pigment color groups.
Estimates of chlorophyll a + pheophytin a concentrations (henceforth called chlorophyll or [Chl a]) based on spectral ratios of the water-leaving upwelling radiance L,(X) measured from space with the Coastal Zone Color Scanner (CZCS) are accurate within f 30-40% (Gordon et al. 1983 ). Since many variables affect ocean color, such accuracies appear at first glance to be excellent. However, if the more important properties that affect ocean color (henceforth called color constituents) covary with chlorophyll, then such accuracies are to be expected.
Our intent here is to examine the relationships between chlorophyll and other color constituents for the eastern Gulf of Mexico. Some of these relationships were developed from first principles, which suggests a universal or nonsite-specific applicability. Others were more empirical in nature, indicating that variations may occur on a geographic or seasonal basis.
Background and theory
The most commonly applied chlorophyll algorithm for use with CZCS data corrected for atmospheric effects is 
L,(X) is the subsurface upwelling radiance ' This research was supported by NASA grant NAGW-465.
Wm -2 st nm-l) at wavelength X (nm), and i and j represent two different wavelengths (e.g. 443 and 550 nm) (Gordon and Morel 1983) . This can also be expressed as Here R&X) is the remote-sensing reflectance, ET(X) is the total (sunlight + skylight) downwelling irradiance just above the sea surface, and I incorporates the effects of passing upwelling radiance through the ocean-air interface. These effects include radiance divergence (n-2 k 0.544) and transmissivity (0.960-0.979) factors at the interface (see Austin 1974; Carder and Steward 1985) . Many recent applications of Eq. 1 are summarized by Gordon and Morel (1983) for various wavelength combinations and oceanic regions. For those applications involving rdd3, 550, A ranged from 0.50 to 0.78, while B varied from -1.27 to -2.12. Correlation coefficients were 0.9 l-0.98. The spectral ratio of the subsurface local upwelling irradiance, E, (440) : E,(560) = p[440, 5601, has also been used in a study by Morel (1980) . He separated the data into measurements involving case 1 (living cells and their associated debris and dissolved organic matter) and case 2 waters (case 1 plus resuspended sediments, terrigenous particles and Gelbstoff, or anthropogenic influx). A, B, and correlation values were 403 reported as 1.92, -1.80, and 0.97 for case 1 and 1.62, -1.40, and 0.76 for case 2 waters. Inclusion of case 2 waters in the studies decreases the correlation coefficient and the absolute value of the exponent B.
The primary difference between rij and p(i,j) is due to the angular distribution of upwelling light (the Q factor : Austin 1979) . The spectral variation of Q for near-surface measurements is thought to be small (Gordon and Morel 1983) . Thus, inclusion of data from case 2 waters in correlations of log [Chl a] with log rij probably has effects on A, B, and correlation similar to those reported for log [Chl a] vs. log p(i,j).
Differences in filter pore size, pigment extraction, and measurement techniques can be significant in determining the accuracy of the chlorophyll concentration measurements, especially in oligotrophic waters (Phinney and Yentsch 198 5) . Filtration efficiency may account for some of the reported differences among Eq. 1 parameters. However, it seems unlikely that all of the variance among reported values of B could be due to errors in measuring chlorophyll. It is more likely that the investigators were sampling in significantly different optical environments and that the ocean color constituents for each region differed in the degree and form in which they covaried with chlorophyll.
The in situ irradiance reflectance R(X) has been related to two inherent optical properties of seawater (Morel and Prieur 1977) as
where b'(X) is the volume backscattering coefficient (m-l), a(A) is the volume absorption coefficient (m-l), and Ed(X) is the downwelling irradiance (W rnM2 nm-'). This equation is derived from radiative transfer model work by Duntley (1942) , Prieur (1976) , and Morel and Prieur (1977) . Gordon et al. ( 197 5 ) derived a very similar expression using a Monte Carlo modeling technique.
On the basis of work by Austin (1974), Carder and Steward (198 5) extended Eq. 4 to remote sensing applications as
where the change in the constant coefficient accounts for effects due to the submarine radiance distribution with backscatter angle (Austin's Q factor), transmissivity across the sea-air interface, and divergence of the subsurface cone of radiance upon passing from the sea to the air. Expanding Eq. 5 results in
* [a&) + add + a&W (6) where the subscripts w, G, and p represent water, Gelbstoff, and particles. To model RRS from these variables, we used the values published for b',(A) and a,(X) for the cleanest natural waters (Morel and Prieur 1977; Smith and Baker 198 1) . Since the particulate absorption is dominated by that due to phytoplankton pigments for most ocean waters,
The specific absorption coefficient a*(A) is defined as the absorption coefficient per meter per unit chlorophyll for a sample including both phytoplankton and detritus and is measured by the method of Bricaud et al. (1983) or that of Mitchell and Kiefer (1984) .
The total absorption due to phytoplankton cells varies with chlorophyll concentration and the specific absorption coefficient (Morel and Bricaud 198 1) . The latter varies with the physiological state (Duntley et al. 1974; Bricaud 1979; Kiefer et al. 1979) , the pigment complement, and the effective cell size (Bricaud et al. 1983 ) of the population. Kiefer and SooHoo ( 1982) have also demonstrated a spectral effect due to the pheophytin fraction.
The a,(X) values can be determined by measuring filtered seawater with a long (e.g. 1 m) spectrophotometer (Bricaud et al. 198 1) . Harvey et al. (1984) discussed the sources and wide variability of fulvic and humic acid (Gelbstofl) in the Gulf of Mexico, and Bricaud et al. (198 1) demonstrated the variability of a,(X) on a more global basis. Very few oceanic measurements of b',(X) are available. It varies significantly with wavelength as a function of phytoplankton cell size (Bricaud et al. 1983 ) and the concentration and composition of the detritus.
Meaningful relationships between R,,(A) and chlorophyll concentration may be rather complicated given all of the potential variation in the nonwater terms of Eq. 6. However, our data demonstrate that several relationships exist among the variables that markedly reduce their complexity.
I--r MAY 1984 AUGUST 1984 We here examine how each of the nonwater terms of Eq. 6 covaries with chlorophyll concentration in the eastern Gulf of Mexico. This study region is germane to the question of the universality of Eq. 1 since studies of the eastern Gulf of Mexico played an important role in the development and demonstration of the CZCS ocean chlorophyll algorithm by the Nimbus Experiment Team (see Hovis et al. 1980; Gordon et al. 1980; Gordon and Clark 198 1) . 27ON -3.
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Fig. 1. Station locations.

Measurements
Data were collected on two cruises of the RV Bellows to the eastern Gulf of Mexico in 1984. Data from the first cruise (B8405) in May were used to develop a quasi-analytical optical model of the effects of color constituents on RR&i). Data from the second cruise (B8408) in August were used as an independent data set to test the model. The station locations for the two cruises are shown in Fig. 1 ; both included samples ranging from oligotrophic case 1 (Loop Current) waters to eutrophic case 2 waters (Tampa Bay and Charlotte Harbor eflluent). (Paul et al. in prep.) . The spectrophotometer consisted of a xenon flash source collimated by a 12.7-cm-diameter cassegrainian telescope (Celestron), a 15.24-cm-diameter sample cuvette, and a 20.3-cm cassegrainian telescope (Celestron) coupled to the spectral radiometer which served as the receiver (see Carder et al. 1984 ).
Measurements of the remote-sensing reflectance were made with a portable spectral radiometer (Spectron Engineering). It consists of a self-scanning linear array of 256 photodiodes (Reticon RL-256G) upon which the spectrally dispersed output from a diffraction grating type of monochromator is displayed. Each photodiode has a nominal spectral resolution in the visible part of the spectrum of 2.7 nm. Details of instrument operation and calibration have been discussed elsewhere (Carder et al. 1984; Carder and Steward 198 5) .
A portion of the seawater sample was filtered onto Whatman GF/F glass-fiber filter pads (25-mm diameter). Whatman GF/F filters have retention efficiencies for chlorophyll particles nearly as good as those of 0.4 5 -pm-pore-diameter Millipore HA filters (Phinney and Yentsch 1985) . The spectral transmissivity of each pad was measured and compared to that of a wet blank pad by a technique analogous to that of . Mitchell and Kiefer (1984) . A high intensity incandescent lamp provided the source irradiance, and the Spectron was used as a detector. The transmissivity of a sample pad relative to that of a wet blank pad results in an estimate of the in vivo spectral absorption coefficient of the sample when the corrections discussed by Mitchell and Kiefer (1984) are used. Two near-surface 30-liter Niskin seawaTwo subsamples of each water collection ter samples were taken in close temporal were filtered onto 25-mm Whatman GF/F and spatial proximity to the remote-sensing filters for chlorophyll analysis. One was prereflectance measurements. One sample was filtered through a 1 .O-pm-pore-diameter filtered through in-line Whatman GF/F Nuclepore filter at 0.18 ATM of vacuum to glass-fiber filter pads (90-mm diam) into a provide the < l-pm fraction ( The 5 6 5-nm peak in the Tampa Bay R.,(X) curve occurs where a(A) is a minimum and is also near the minimum in a*(A). The sharp decrease in this peak for wavelengths > 565 nm is due to the sudden increase in a,(h) for this spectral region. The a*(X) peak at 435 nm is considerably larger for the offshore water than for Tampa Bay. Morel and Bricaud (198 1) have shown that this is the result of phytoplankton cell size where the package effect reduces the absorption efficiency of chlorophyll in larger cells.
The effect of particle size on the specific absorption coefficient a*(X) is shown in Fig.  3 , where the submicron chlorophyll fraction (that fractionfof the total chlorophyll a and pheophytin a passing through a Nuclepore pad of l.O-pm-diam pore-size) is plotted against a*(440) and a"(565). Here, a"(440) increases monotonically withfup tof= 0. -0.006 m-l (mg [Chl a] md3)-'. The increased variance in the data at 565 nm may be related to the fact that accessory pigment concentrations vary with phytoplankton color and physiological state (Carder and Steward 1985) .
The relationship between submicron chlorophyll and total chlorophyll for the eastern Gulf of Mexico is demonstrated in Fig. 4 . Two lines are used to represent the offshore, low chlorophyll stations and the nearshore, high chlorophyll stations. These lines intersect at about 0.7 mg m-3 total chlorophyll concentration and have markedly different log-log slope values. About half the offshore chlorophyll was packaged in cells < 1.0~pm diameter, whereas the higher total concentration in the nearshore waters was contained in larger cells.
The "knees" in Figs. 3 and 4 resemble the knees at about 1 mg m-3 chlorophyll in the diffuse attenuation coefficient relationships with chlorophyll that have been attributed by Smith and Baker (1978) to an increased attenuation effect of detrital components in low-chlorophyll areas. Our results imply that an effect due to phytoplankton cell size should also be considered in explaining the Smith and Baker data. Herbland et al. (1985) found in the nitrate-depleted mixed layer of the equatorial Atlantic that the < 1 -pm chlorophyll fraction always dominates, containing 7 1% of the chlorophyll on average. In nitrate-rich waters the < 1 -pm chlorophyll is < 50%, and it is nearly zero at the bottom of the photic zone. We believe that nitrate availability is producing a trend across the Florida shelf of the Gulf of Mexico similar to that which Herbland et al. found vertically in the equatorial Atlantic. Figure 5 depicts the variation of a&440) with chlorophyll concentration. For the nearshore stations the Gelbstoff concentrations were high enough (> 0.02 m-l) for accurate measurement of a&440). For the lower chlorophyll stations, we calculated a&440). Equation 6 was used to solve for a,(440) and a&565) with the assumptions that b',(440) * b',(565) (see Smith and Baker 1978) and that a,(440) A 4 a,(565) (see Carder and Steward 1985; Bricaud et al. 198 1) . The result was a relationship with significant variance among the offshore data points. This variance is to be expected since a tenfold variation in humic and fulvic acid concentrations has been reported for the oligotrophic Loop Current region of the Gulf of Mexico (Harvey et al. 1983) , suggesting that high variability of a&) may be the rule for offshore waters. However, the more linear trend noted in Fig. 5 for nearshore and Tampa Bay stations may be a direct result of increased terrigenous contribution to the Gelbstoff absorption coefficient (see Turner and Hopkins 1974) . about 9-19 km offshore, and Gelbstoff per unit chlorophyll was far lower than for the data represented by the line on Fig. 5 . The high chlorophyll points near the line were taken on a transect in lower Tampa Bay. This line may be thought of as being more in equilibrium with a steady state population of phytoplankton nourished by riverine input to Tampa Bay. The rivers are a source of Gelbstoff (Turner and Hopkins 1974) as are the phytoplankters themselves upon degradation (Harvey et al. 1984) .
The west Florida red tides are thought to originate some 18-78 km offshore (Steidinger 1975) ; if so, then their dependency on terrigenous nutrients may be minimal (Haddad and Carder 1979) . Thus, it is unlikely that P. brevis chlorophyll would covary with terrigenous or estuarine Gelbstoff as illustrated in Fig. 5 . The Gelbstoff: chlorophyll ratio of such blooms may provide an index of their age. Harvey (pers. comm.) has found an increase in dissolved humic and fulvic acid concentrations with senescence in populations of marine phytoplankton.
The variation in the particulate backscattering coefficient b',(X) with chlorophyll '.25 (10) concentration is shown in Fig. 6 for 440 and 565 nm. These values were determined by solving Eq. 6 for b',(X). At the near-shore stations where measured a&) values were available, b',(440) and 6'! (565) (Fig. 7) to which have been added all of the measured data points from the model development cruise in May. One would expect these points to fall close to the curves since the model was tuned to the May data set. Also shown are data from an August cruise taken to test the model. Three of the points from the August cruise fall very close to the PBSR = 1.2 line, while the two lowest chlorophyll points fall below the PBSR = 1.0 curve.
The distinguishing features of the two samples with the low PBSR values were the low chlorophyll concentrations (< 0.13 mg m-3) and high submicron chlorophyll fractions f(0.69 and 0.95). The numbers represent minimum values since very fine picoplankters (< 0.7 micron) may pass through a Whatman GF/F filter (Phinney and Yentsch 1985) , biasing the measured chlorophyll values to the low side. All of the chlorophyll present in the water column at each station does however affect the optical R,,(X) measurement. Not accounting for all of the submicron chlorophyll present would result in the necessity of requiring a PBSR value of < 1.0 in Fig. 7 .
If all the chlorophyll present at these stations was retained on the glass-fiber filters and included in the measurements, then one should consider whether it is reasonable to expect PBSR values < 1 .O or if, perhaps, more Gelbstoff was present at these locations than included in the model. We investigated the possibility of PBSR < 1 .O by calculating values of PBSR from curves (Bricaud et al. 1983 ) based on the scattering theory of Mie (1908) for a spherical particle with a real part of the index of refraction (w relative to water of 1.035 (see Aas 198 l) , a variable imaginary (absorbing) part of the index, and a variable diameter (d). Hodkinson (1963) has shown that a randomly oriented population of nonspherical particles scatters and absorbs light in a manner similar to spheres of equivalent diameter. This is not necessarily the case for backscatter, so we will assume the cells to be nearly spherical.
The theoretical curve of Bricaud et al. (1983) is for the backscattering efficiency (fraction of backscattering to total scattering) of an average cell in a monospecific phytoplankton culture. Absorption plays a negligible role for backscattering efficiency of optically small phytoplankton cells (e.g. d < 4 pm), so their curve can be approximated for small particles (see Eq. I I, Table  2 ). Here the coefficient of mean cellular total scattering (m-l) for a narrow distribution of log normal particle size analogous to aphytoplankton culture is represented by b,(A). The mean population diameter is d (pm), and in this equation X has units of microns.
Values of 6,(h) can be calculated for the the average cell as
where Qb is the efficiency factor for scattering and is calculated as by Bricaud et al. (1983) . Combining Eqs. 11 and 12 results in the particulate backscattering spectral ratio PBSR equation shown in Table 2 . Figure 8 contains plots of the theoretical variation of 6',(440) : d',(565) vs. particle diameter for cells where M = 1.035 -0.00 1 i or M = 1.035 -0.003i. Clearly, for cells from 0.4-to 1.0~pm diameter, values of PBSR between 0.7 and 0.9 can be anticipated. PBSR values > 1 .O are expected for cells >2.3-pm diameter. However, for phytoplankters > 3-4-pm diameter (assuming A4 = 1.035), the effect of the imaginary part of the index of refraction on b', : 6, can no longer be ignored (see Bricaud et al. 1983) and are not considered in Fig. 8 . If M were increased to 1.05, perhaps more indicative of detritus or bacteria (see Aas 198 l) , the primary effect would be a 30% compression of the abscissa in Fig. 8 . Values of PBSR > 1 .O would then result for particles > 1.60-pm diameter.
The oceans aren't quite this simple, since detritus usually plays a dominant role in backscattering for regions of low chlorophyll (Gordon and Morel 1983, p. 63) . A broad, continuous size distribution for detritus would tend to reduce the peaks and valleys of Fig. 8 , suggesting that PBSR values X0.9 for an ocean sample would be unusual. Although PBSR values may be lowered somewhat by large fractions of submicron cells, PBSR cannot account for all of the variation shown at the low chlorophyll end of Fig. 7 .
A final factor that lowers r(440, 565) values in Fig. 7 would be the presence of more Gelbstoff than was included in the model. The spectral slopes of curves of R,,(X) vs. X (e.g. see Fig. 2A ) between 400 and 420 nm were 12-l 5% less steep at stations 1 and 3 than at station 2 for the August cruise, supporting the hypothesis that there was less Gelbstoff at station 2. Data of Bricaud et al. (198 1) indicate wide ranges of a,(440) for a given chlorophyll value, and an increase in a&440) of as little as 0.008 m-' would account for the low r(440, 565) values for stations 1 and 3 of the cruise in August. Such low concentrations in oceanic samples are not at present being directly measured spectrophotometrically; however measurements in the ultraviolet can be extrapolated to longer wavelength regions with reasonable accuracy.
To definitively evaluate each of these three effects on remote sensing of ocean color, we must use smaller pore-size filters to ensure the measurement of chlorophyll in all size fractions. Also, spectral backscattering must be measured directly. In regions where Gelbstoff absorption coefficients become increasingly important (e.g. a&440) 2 0.005 m-l) and [Chl a] < 0.2 mg me3, long pathlength (e.g. 2 m) spectrophotometers should be used on filtered water samples or spectral extrapolations should be made of a,(440) from shorter wavelength measurements.
Conclusions
The agreement between satellite-derived and shipboard measurements of [Chl a] results primarily from the covariance of each of the nonwater color constituents of the ocean with pigment concentration. The net effect of particle size on r(440, 565) = R&440) : R,,(565) data is manifest through a*(440) and the particulate backscattering spectral ratio PBSR. The submicron fraction of the phytoplankton cells has a significant effect on the specific absorption coefficient and on PBSR. For chlorophyll concentrations >0.70 mg m-3, the submicron fraction values decreased rather steadily with increasing chlorophyll. In other words, as the fraction of small, optically efficient absorbers decreased, so did the specific absorption coefficient at 440 nm, a*(440). a*(565) is generally small enough that it is relatively unchanged by particle size (package) effects, while the a*(440) data for the eastern Gulf of Mexico varied by about a factor of three due largely to changes in the submicron chlorophyll fraction. Theoretical PBSR values range from 0.7 to 0.8 for 0.5-1.6~pm-diameter cells.
The particle backscattering coefficient increased rather smoothly while the Gelbstoff absorption coefficient increased much more erratically with increasing chlorophyll. Even so, when all of the relationships between various color constitutents and chlorophyll concentration were combined into our analytical remote-sensing reflectance model, measured values of the spectral ratio R&440) : R&565) closely followed the model curves except for two low chlorophyll ([Chl a] < 0.13) points from the southern, oligotrophic waters. Any of three different factors could contribute to this variation from the model curves: was all of the chlorophyll being retained on the filter; was the b',(440) : b',(565) ratio for picoplankton actually < 1 .O; or was the variability of the Gelbstoff attenuation coefficient of the order of -to.0 1 m-l for oligotrophic waters? with particle diameter for spheres with relative indices of refraction of A4 = 1.035 -0.00 1 i (solid line) and A4 = 1. 035 -0.003i (dotted line).
Our opinion is that all of these factors contributed to point scatter about the curves, with Gelbstoff variation playing the greatest role.
The importance of improving our understanding of factors affecting the accuracy of remote sensing of the chlorophyll of oligotrophic waters derives from the fact that some 90% of the world ocean is classified as being open (Ryther 1969) . Improved measurements will help remove model uncertainties for the oligotrophic waters of the Gulf of Mexico and perhaps for other oligotrophic waters as well. Finer pore-size filters can eliminate uncertainties about the efficiencies of chlorophyll filtration. New spectral backscattering photometers can be built to make spectral ratio measurements directly. Long pathlength (e.g. 2 m) spectrophotometers are advisable to provide direct measurements of a,(X) with accuracies of the order of 0.005 m-l. Extrapolation of a,(X) curves from shorter wavelength regions where the absorption coefficient is larger may be a suitable alternative, however.
The principal result of our study with respect to the remote sensing of chlorophyll is that most variables that affect ocean color and therefore r(440, 565) values can be related to chlorophyll (at least empirically) in a fairly simple way. If these relationships are known on a seasonal basis for given areas of interest, then regionally and seasonally tuned CZCS chlorophyll algorithms can be developed that will be more accurate than a global algorithm. Also, as we better understand the cause and effect of changes to any given constituent of ocean color (e.g. phytoplankton size, Gelbstoff, phytoplankton pigment group, detritus), we can better anticipate when and where a global chlorophyll algorithm might require regional and seasonal adjustment.
